Abstract. Multiple abrupt and sometimes near-synchronous declines in tree populations have been detected in the temperate forests of eastern North America and Europe during the Holocene. Traditional approaches to understanding these declines focus on searching for climatic or other broad-scale extrinsic drivers. These approaches include multi-proxy studies that match reconstructed changes in tree abundance to reconstructed changes in precipitation or temperature. Although these correlative approaches are informative, they neglect the potential role of intrinsic processes, such as competition and dispersal, in shaping tree community dynamics. We developed a simple process-based community model that includes competition among tree species, density-dependent survival, and dispersal to investigate how these processes might generate abrupt changes in tree abundances even when extrinsic climatic factors do not themselves change abruptly. Specifically, a self-reinforcing (i.e., positive) feedback between abundance and survival can produce abrupt changes in tree abundance in the absence of long-term climatic changes. Furthermore, spatially correlated, short-term environmental variation and seed dispersal can increase the synchrony of abrupt changes. Using the well-studied, late-Holocene crash of Tsuga canadensis (eastern hemlock) populations as an empirical case study, we find that our model generates abrupt and quasi-synchronized crashes qualitatively similar to the observed hemlock patterns. Other tree taxa vary in the frequency and clustering of abrupt change and the proportion of increases and decreases. This complexity argues for caution in interpreting abrupt changes in species abundances as indicative of abrupt climatic changes. Nonetheless, some taxa show patterns that the model cannot produce: observed abrupt declines in hemlock abundance are more synchronized than abrupt increases, whereas the degree of synchronization is the same for abrupt decreases and increases in the model. Our results show that intrinsic processes can be significant contributing factors in abrupt tree population changes and highlight the diagnostic value of analyzing entire time series rather than single events when testing hypotheses about abrupt changes. Thus, intrinsic processes should be considered along with extrinsic drivers when seeking to explain rapid changes in community composition.
INTRODUCTION
Several mesic temperate tree species in eastern North America experienced one or more abrupt population declines during the warm interglacial climates of the Holocene, at spatial extents ranging from single sites to range-wide. These collapses are well documented by networks of fossil pollen records from lakes and mires, most of which have a pollen source radius on the order of 10 2 km and hence are well-suited for detecting landscapescale changes in vegetation composition (Webb 1993 ).
Well-known Holocene tree population collapses include declines in New England Quercus (oak) populations coincident with Tsuga canadensis (eastern hemlock) decline (Foster et al. 2006) ; Fagus grandifolia (American beech) decline during the last 3,000 yr (Booth et al. 2012b , Wang et al. 2016 ; early-to middle-Holocene conversions from forest to prairie at the prairie-forest ecotone in the upper Midwest (Umbanhowar et al. 2006 , Williams et al. 2009 ); and a series of Picea (spruce) and Pinus (pine) declines across eastern North America at the Pleistocene-Holocene transition . Of these, perhaps the best documented is the collapse of T. canadensis ca. 5,700-5,000 calendar years before present (yr BP; Fuller 2002, Booth et al. 2012a; B. Shuman, W. Oswald, and D. Foster, unpublished manuscript) , which is notable both for the high magnitude of change and for the abruptness of the decline, spanning apparently <10 yr at some sites (Allison et al. 1986 ).
The decline of T. canadensis is particularly notable for its spatial extent (across the entire geographic range, roughly 1,500 km wide), and duration: T. canadensis abundances remained low at many locations for several thousand years. The decline was initially treated as a synchronous event (Bennett and Fuller 2002 ) but now appears to be quasi-synchronous, with most populations crashing between 5,500 and 5,250 yr ago in New England ), 5,000 yr ago in northern Michigan (Booth et al. 2012a) , and as late as 3,800 yr ago at Spruce Pond, New York ). Such declines are important for understanding tree community responses to changing climate. They also represent well-documented case studies that speak more broadly to the general challenge of detecting and diagnosing the causes of abrupt change in ecological systems (Ratajczak et al. 2018) .
Most explanations for these tree population declines invoke abiotic or biotic causes extrinsic to tree communities (Shuman 2012) . Explanations for the T. canadensis decline include abrupt climate change (Foster et al. 2006 , Booth et al. 2012a , pest outbreak (Davis 1981) , or other more complex and not yet well understood mechanisms (Booth et al. 2012a ). Efforts to attribute extrinsic causes have typically sought to match paleoecological records of tree decline to independent synchronous changes in one environmental driver. For example, the T. canadensis decline in New England has been linked to independent indicators of abrupt increased aridity in eastern North America (indicated by lowered lake levels) and nearby changes in Atlantic Ocean surface temperatures (Marsicek et al. 2013) . Nonetheless, in some sites the declines in T. canadensis may have preceded the shift to drier conditions by roughly 200 yr (Booth et al. 2012a ). Correlational matches among paleoecological and paleoclimatic proxies are important lines of evidence for extrinsic forcing but are not conclusive, and they do not exclude the influence of unobserved latent variables and intrinsic processes that are difficult to detect with proxy data.
Few studies have attempted to directly model the underlying ecological mechanisms and extrinsic and intrinsic processes that may have contributed to past abrupt ecological declines in Holocene tree populations. The potential role of intrinsic processes is particularly understudied. This gap sharply contrasts the literature on post-glacial range expansions, which has been the subject of numerous data syntheses and modeling studies, including pollen data syntheses, empirical species distribution models, community-level models, dynamic vegetation models, and customized models of biotic interactions among trees and pathogens (Moorcroft et al. 2006 , Henne et al. 2011 , Ordonez and Williams 2013 , Saltr e et al. 2013 . For instance, theoretical work has explored potential mechanisms for the discrepancy between rapid northward expansion after glacier retreat and the measured dispersal ability of species (Reid's paradox; Kot et al. 1996 , Clark 1998 , Moorcroft et al. 2006 . Dynamic vegetation models, widely used to study past and future forest dynamics during periods of environmental change, are a promising avenue for studying Holocene tree collapses, but they face the challenges of significant uncertainties and not-yet-reconciled disparities among observational and modeled time series of precipitation variability during the Holocene (Marlon et al. 2017) . Given the rich literature modeling population dynamics in other systems that exhibit abrupt population collapses (Carpenter et al. 1999 , Scheffer and Carpenter 2003 , Mumby et al. 2007 , Ives et al. 2008 , Staver and Levin 2012 , process-based community modeling approaches are promising, yet heretofore largely unexplored avenues for understanding the multiple factors contributing to mid-Holocene tree declines and community stability (Clark and McLachlan 2003) .
In this work, we develop a modeling framework designed to explore the role of intrinsic processes and internal feedbacks in causing abrupt change in forest ecosystems. The general framework is based on the lottery model (Chesson and Warner 1981) in which tree species compete for limited space but have identical traits. We modify the classical lottery model to allow control of the following parameters: the strength of frequencydependent survival, seed dispersal, and spatial autocorrelation in recruitment. We explore the role of these mechanisms in generating abrupt changes and in synchronizing those abrupt changes over large spatial areas. We compare modeled simulations to empirical patterns of Holocene tree dynamics from fossil pollen records drawn from the Neotoma Paleoecology Database 4 ) using statistical approaches for detecting abrupt changes that are commonly used in the paleoecological literature. In comparing models to data, our goal is not to test whether the models fit the data and from this infer the processes underlying the observed abrupt changes in tree abundance. Instead, our goal is to ask whether the intrinsic processes in the models could potentially generate abrupt changes similar to the data, even though the model contains neither abrupt nor long-term changes in the environment. If the models show that intrinsic processes could generate abrupt changes, then hypotheses explaining observed abrupt changes in tree abundance should be expanded to include both extrinsic and intrinsic processes , Seddon et al. 2014 ).
METHODS

Model description
Our model is based on the lottery model (Chesson and Warner 1981 , Chesson 1985 , 2000 and simulates the changes in frequency of N species through time and across space. The model is designed to describe species, like trees, that compete for space in the landscape, where a given location can be occupied by only a single individual.
Competition thus occurs at the establishment stage, after a space is vacated by the death of the last occupant.
The model assumes three levels of spatial hierarchy. The regional level (e.g., eastern North America, in the case of T. canadensis) is spatially explicit and consists of an X 9 Y grid of sites. Sites are square cells that, here, are on the order of 10 1 to 10 2 km across, roughly matching the ecological source area represented by pollen records obtained from lakes and mires sediments that are the primary empirical data for Holocene tree decline (Webb 1993 , Sugita 2007 , Dawson et al. 2016 . The site level encompasses a collection of locations (microsite level) that can only be occupied by a single individual. We assume that the number of locations within a site is large and spatially implicit. Therefore, we track species densities as the proportion of microsites occupied by each species within a site. We assume that there are no unoccupied sites, so species proportions sum to one, an assumption that is reasonable for the closed-canopy structure typical of eastern deciduous forests. The relative abundance of species i within a site is denoted by p i, x,y (t), which represents the proportion of locations occupied at a site with coordinate (x, y) at time t. For ease of notation, we omit the indices x and y unless they are required for clarity. We assume that the environment is homogenous within a site and that the seeds produced by individuals are spread uniformly throughout a site. Forest dynamics within a site are driven by the death of individuals occupying locations and their replacement by individuals of the same or different species. An individual of species i has a survival probability of u i , so at each time step, locations are vacated due to the death of residents with probability (1 À u i ). Thus, for a community with N species within a site, the proportion of locations that are available for colonization in time step t is 1 À X j¼1;...;N p j ðtÞu j ! where the second term is the sum of all species from 1 to N. Each empty location is colonized by one individual, and the success of a species colonizing a location is assumed to be proportional to the species' contribution to the total seed pool for the site. We denote this as b i , the site-level per capita recruitment rate of species i. (This is not a frequency-dependent process, because increasing abundance [or frequency] does not increase the per capita recruitment.) Recruitment is the product of fecundity, seed survival, and establishment. The probability that an empty location is colonized by species i is
Combining survival and colonization, the proportion of locations occupied by species i at time t + 1 is
This equation does not account for age structure in the tree population, but instead assumes that seedlings become reproductive trees in a single time step, representing one decade in the model. This simplifying assumption is appropriate for application of the model to forest dynamics across the Holocene. The site-level per capita recruitment rate is stochastic, and we assume that b i follows the lognormal distribution
where e i $ Nð0; r 2 Þ follows a normal distribution with mean 0 and variance r 2 that is independent among species, and b i is the per capita recruitment (seed production and seedling survival and establishment) for species i when r 2 is zero. To generate spatial autocorrelation in the environmental variation affecting tree dynamics among sites, we decompose the variance in recruitment into a within-site (local) component r 2 l and an among-site (global) component r 2 g so that
where q is the strength of spatial autocorrelation. When q = 0, recruitment for a species is independent among sites, while when q = 1, recruitment for a species is identical among all sites within the region. Thus, q governs the degree of regional synchrony of recruitment for a given species. Note that variation in recruitment is not autocorrelated through time because values of b i are independent from one time step to the next. Therefore, the variation in recruitment is not subject to intermediate or long-term trends in the environment. Because this recruitment term effectively includes juvenile survival for up to 10 yr, modeling recruitment as a function of regional environmental variation can be thought to reflect the narrower environmental tolerance of juveniles in many tree species (Jackson et al. 2009 ). Spatial synchrony among sites can be generated not only through regional autocorrelation in environmental fluctuations (q > 0), but also through propagule dispersal. Therefore, we modified the original lottery model to include dispersal among sites (Clark and McLachlan 2003 , Blaauw et al. 2010 , Usinowicz 2015 . We assume a fraction f of seeds within a site disperses evenly across the eight neighboring sites, while a proportion (1 À f) remains in the source site. For simplicity, we assume that seed survival and establishment rates are constant. Therefore, the total recruitment rate of species i at location (x, y) due to dispersal is Dispersal is incorporated into Eq. 1 by replacing p i,x, y (t)b i with B i,x,y (t). We also modified the lottery model to include frequency-dependent effects, in which survival depends on the frequency of species p i (t) within sites. We assume that the survival probability u i follows a logistic function
where s measures the strength of frequency-dependent survival, and v i is the survival when there is no frequency dependence (s = 0). A positive value of s means survival increases as the frequency of the species increases. The functional form of u i (t) is the same for all species.
Model implementation and parameter values
Although the model is designed as a general framework for investigating the effect of community processes on abrupt changes in species abundance, for ease of interpretation we parameterized the model with spatial and temporal scales comparable to those of the empirical data. We simulated a region of 32 9 16 = 512 grid cells where one cell is about 50 9 50 km. One time step in the simulation was equivalent to one decade, and the simulation was run for 11,700 yr. To summarize the simulated data for comparison with the empirical data, we subsampled the 512 grid cells by selecting 32 sites that are equally spaced along the rows and the columns. The empirical records of T. canadensis relative abundances (henceforth referred to simply as abundances) over the Holocene typically have on the order of 100 data points, so to mirror these data we subsampled the modeled time series every 10 time steps (i.e., 100 yr).
To investigate the role of the strength of self-reinforcing feedback in survival (s in Eq. 4), dispersal (f in Eq. 3), and regional autocorrelation (q in Eq. 2) in the abruptness and quasi-synchrony of population changes, we systematically varied each parameter while keeping the others fixed. To separate the effect of dispersal from regional stochasticity in generating synchrony, we kept q = 0 while varying f from 0 to 0.5. Conversely, we kept f = 0 while varying q from 0 to 0.8. As q varied, we held r constant by maintaining the same value for the local component r l and adjusting the global component r g for each value of q. For each combination of parameters, we ran 100 replicates and computed the average.
We assumed that the modeled community consists of N = 3 species with baseline survival m = 0.8 and recruitment b = 20. To mimic the low initial abundance of T. canadensis and other thermophilous tree taxa at the start of the Holocene, we set the initial frequency of the first species representing T. canadensis to 2%, and the second and third species to 49% each.
Empirical comparison with fossil pollen data
We conducted two sets of analyses using empirical fossil pollen data sets from the U.S. Midwest and eastern North America. In the first, we assessed the number and temporal clustering of abrupt change in six deciduous (Alnus, Fagus, Juglans, Platanus, Tilia, and Ulmus) and four coniferous (Picea, Pinus subgenus Pinus, Pinus subgenus Strobus, and Tsuga) tree taxa that are common in Holocene fossil pollen records in eastern North America. We only searched for signals of abrupt change in sites with clear palynological evidence that the parent plant taxon was present near the site. We assume a taxon is present at a site when its relative abundance exceeds the taxon-specific "var05" threshold as in Nieto-Lugilde et al. (2015) . In the second analysis, we focused on T. canadensis, which showed the greatest number of abrupt changes, and compared empirical patterns of abundance and abrupt change to simulations, in order to explore whether the model produces patterns of abrupt change that qualitatively resemble observations. For this analysis, we used 10% as the relative abundance threshold for selecting fossil pollen sites for abrupt change analysis, which is a higher threshold intended to select sites in which T. canadensis was not just "present" but common.
Site selection
We obtained pollen data from lake core and peat records from the Neotoma Paleoecology Database (see footnote 4 ) using the "neotoma" package in R (Goring et al. 2015) . We selected sites from across the upper Midwest and eastern United States (within longitude À60°to À105°, and latitude 25°to 55°). Pollen was grouped at the genus level for all taxa, expect for Pinus, which was grouped at the subgenus level: Pinus subgenus Pinus and Pinus subgenus Strobus (see Appendix S1 for more details). T. canadensis is the only species in the genus Tsuga present in our study region, and so we assume that all pollen identified as Tsuga in the sites we analyzed belongs to T. canadensis.
In the multi-taxon analyses, we focus on samples from 8,000 to 1,000 yr BP to remove the effects of deglaciation and major anthropogenic impacts. This contrasts with our analyses specific to Tsuga, where we included samples from 11,700 to 1,000 yr BP. We restricted our analysis to sites with adequate pollen sampling resolution and age control by including only sites (1) with at least 20 pollen samples, (2) with an average pollen sampling interval ≤200 yr, and (3) which had a ratio of total record duration to number of chronological controls that was ≤2,000 yr. Biostratigraphic chronological controls that were older than 500 yr BP were excluded from our tally. Five sites: Sharkey Lake, Tower Lake, Jones Lake, Chesapeake Bay, and Fox Lake had isolated instances of multiple samples at the same depth, which we averaged after calculating pollen proportions at those depths. Our search criteria produced 70 high-resolution sites (Appendix S1: Table S1 ).
Age-model reconstruction
Thirty sites had existing calibrated radiocarbon agedepth models in the Neotoma Database (Appendix S1: Table S1 ). For all other sites, we built age-depth models using the "Bchron" package in R (Parnell 2016 ), which fits a nonparametric age model using the compound Poisson-gamma model of Haslett and Parnell (2008) . To create the chronologies, we used the age control data stored in Neotoma, but only included age controls that were radiocarbon dates, pollen biostratigraphic controls that were <500 yr old (i.e., indicators of EuroAmerican settlement), and the age of the core top (i.e., the year when the core was collected). For core top dates that lacked age error estimates, we designated error as 10AE years to approximate the amount of time averaging at the top of a lake sediment core (Goring et al. 2012) . We used the IntCal13 Northern Hemisphere curve to calibrate radiocarbon dates (Reimer et al. 2013 ). Newly generated age-depth models were visually inspected to ensure that the model fit the chronology controls reasonably well.
Detecting abrupt changes and quantifying synchrony
To identify abrupt changes in modeled and empirical percent abundance data, we used Bayesian change point analysis (BCP) implemented in the "bcp" package in R (Erdman and Emerson 2007 , Wang and Emerson 2015 . Bayesian change point analysis fits a piecewise linear function and then calculates the posterior probability of abrupt change at each point in the time series. We assume an abrupt change occurred when the probability is larger than 0.5. We found that the threshold probability of 0.5 identifies the abrupt changes that are often qualitatively identified in studies of the Tsuga decline (Results and Appendix S2: Fig. S1 ). For the MCMC sampling, we used 10,000 iterations after an initial burn-in of 1,000. We set w0 = 0.2 (the default recommended by Barry and Hartigan 1993) , where w0 is the parameter in the uniform prior on the signal-to-noise ratio, and we used p0 = 0, where p0 is the prior value on change point probabilities, in order to minimize the sensitivity of the model to short-term outliers.
To summarize the degree of synchrony of abrupt changes across the modeled region, we used the coefficient of variation (CV) of the waiting time between successive abrupt changes. We separated and sorted the abrupt increases and decreases detected across all sites in the region, calculated the duration between successive abrupt changes, and computed their respective CVs. A low CV indicates no temporal patterns of aggregation (lack of synchrony among sites), whereas a high CV implies temporal clustering of abrupt changes.
When using CV as an index of synchrony in the model simulations, a potential artifact is introduced by the use of identical time steps for all simulations. If uncorrected, this effect will artificially inflate the CV of timing of abrupt change events, because abrupt changes at two sites that occur within a 100-yr window would be recorded as occurring at the same time. To remove the inflation of the CV caused by sampling time series simultaneously, we added uncertainty in our sampling by adding a random number with uniform probability between À50 and 50 yr of the time step, thereby blurring the distribution of times within each 100-yr time step.
The simulation code was written in Mathematica (Wolfram Research 2017), while T. canadensis data extraction and analysis were conducted in R (R Core Team 2016). Code is available in the Github repository (see Data Availability).
RESULTS
Abruptness of changes
Although the community model contained no differences among species or among sites and no extrinsic forcing, simulated time series showed patterns of abrupt increases and decreases, identified by BCP, that resembled patterns in the fossil pollen record (Fig. 1) . In the fossil pollen data, the number and ratio of abrupt increases and abrupt decreases varied widely among taxa (Fig. 2d) . From 8,000 to 1,000 yr BP, abrupt changes were most common for Tsuga, Ulmus, Fagus, and Picea. There were as many abrupt increases as decreases for Tsuga, Picea, Pinus subgenus Pinus, and Pinus subgenus Strobus. In contrast, Fagus underwent more abrupt increases than decreases, whereas Ulmus showed the opposite pattern. We view these as largely driven by initial conditions, given that Fagus expansion at many sites began after 8,000 yr BP, while Ulmus abundances were initially high at many sites in the western part of the domain in the early Holocene.
Our model showed that the likelihood, magnitude, and synchrony of abrupt changes were sensitive to model parameter settings. Increasing the strength of self-reinforcing feedback in survival, s (Eq. 4), amplified the magnitude of abrupt changes (Fig. 2, left column) . When s was zero, the time series resembled a random walk, and BCP did not detect abrupt changes (Fig. 2a) . For intermediate values of s (e.g., 0.25), abrupt changes began to emerge (Fig. 2b) , and for high values of s (e.g., 0.4), abrupt changes became clearly detectable (Fig. 2c) .
The strength of frequency dependence also increased the number of abrupt changes detected in the time series (Fig. 2e, f) . Abrupt increases and decreases were equally likely when all species began at the same frequency (Fig. 2e) . However, when the focal species started at a low initial frequency, abrupt increases tended to occur more often than abrupt decreases (Fig. 2f) , which is consistent with the empirical asymmetry in the ratio of abrupt increases to decreases in Fagus. In summary, increasing the strength of self-reinforcing feedbacks between abundance and survival increased the likelihood that abrupt changes would occur, and increased the magnitude when they did.
Distribution of abrupt changes across all taxa
Abrupt changes were observed across our spatial and temporal domain (Fig. 3) . In total, there were as many abrupt increases as decreases. There were no conspicuous sub-region where abrupt changes were either common or absent. In fact, sites with abrupt changes were geographically near sites where no abrupt changes took place (Fig. 3a, c) . Overall, around one-half of the sites had no abrupt changes. The clustering of abrupt increases and decreases also varied widely (Fig. 3b, d ). Abrupt decreases appeared to be more synchronous than abrupt increases (Fig. 3b, d ). Individual taxa showed signals of clustered abrupt change (e.g., Tsuga, Ulmus, and Fagus increases, Picea decreases), based on the CV metric (Appendix S1: Fig. S1 ). Other taxa showed no signs of temporal clustering (Pinus), or few signs of abrupt change (Tilia, Platanus, Alnus). Additional details for taxon-specific analyses are reported in Appendix S1.
Simulated and observed synchrony: T. canadensis
Twenty-seven high-resolution and well-dated fossil pollen data sets record an abrupt change in T. canadensis between 11,700 and 1,000 yr BP. As previously reported, a key feature of the abrupt changes in T. canadensis during the Holocene is the quasi-synchrony of the declines , Booth et al. 2012a ; B. Shuman, W. Oswald, and D. Foster, unpublished manuscript). Our BCP analyses confirmed that most abrupt declines clustered between 6,000 and 3,500 yr BP, although a few declines were also detected outside that window (Figs. 4a, 5a, c) . However, for 11,700-1,000 yr BP, abrupt increases were more common than decreases in the empirical data; we detected roughly 74% more abrupt increases than decreases in T. canadensis across all time series. This is consistent with our simulations, where abrupt increases were more common than decreases (up to 68%) if the focal species started at low frequency (Figs. 2f, 4b, d) . The CV (measuring synchrony) was much higher for abrupt decreases (CV = 2.42) than for abrupt increases (CV = 1.3) in the empirical data (Fig. 5c, e) .
In the model, quasi-synchronous crashes were created by regional autocorrelation in recruitment. In an example simulation (Fig. 5b, d ), around 6,000 yr BP all populations crashed nearly synchronously. Low abundances then persisted for about a 1,000 yr before recovering, and even after the recovery abundances were generally lower than prior to the crash (Fig. 5b) , a pattern similar to observations (Fig. 5a) . In contrast to the empirical data, however, this model also generated quasi-synchronized abrupt increases (Fig. 5e, f) .
Using simulations with no environmental autocorrelation (q = 0), abrupt changes were not synchronized, as shown by the low CV % 1; this is similar to the CV for abrupt increases of T. canadensis in the pollen records (Fig. 5e) . However, increasing q increased the CV of both abrupt increases and abrupt decreases (Fig. 6a) . These results illustrate that regional autocorrelation in recruitment rates can generate quasi-synchronized abrupt declines similar to those seen in the T. canadensis pollen data yet also generates quasi-synchronized abrupt increases that are not seen in the data.
In the model, synchrony of abrupt changes also increased with dispersal (Fig. 6b) . However, the increase in CV due to environmental spatial autocorrelation (Fig. 6a) was linear and had a steeper slope than did the increase in CV produced by increased seed dispersal (Fig. 6b) , thus indicating that environmental spatial autocorrelation is the more potent source of synchronized abrupt changes. Dispersal induced little synchrony (low CV) unless a significant proportion of the seeds (above 40%) are dispersed outside the source cell. In fact, to match the synchrony of the abrupt decline in the empirical data set (CV = 2.4, Fig. 4c ) requires that more than 50% of the seeds be dispersed outside the source cell (Fig. 6b) . Because the scale of cells in our simulations are set to roughly 50 9 50 km to match the pollen data, this is an unrealistically high dispersal distance for T. canadensis.
DISCUSSION
During the Holocene, several tree species underwent abrupt and quasi-synchronous declines that are often attributed to broad-scale changes in climate or other extrinsic variables (Booth et al. 2012b , Shuman 2012 , Marsicek et al. 2013 , Wang et al. 2016 , but see Blaauw et al. 2010) . Here, we used a variant of the lottery model to show that intrinsic processes within communities can generate similar patterns of abrupt decline without requiring any long-term and persistent changes in the environment, such as multi-centennial droughts. In our model, abrupt decline is a manifestation of the system shifting from one stable community composition to another. These multiple stable communities are created by frequency-dependent survival, which generates a selfreinforcing feedback process (Holling 1973 , May 1977 . Spatial synchrony in abrupt changes can emerge from spatial autocorrelation in seedling recruitment or from seed dispersal (Ranta et al. 1999 , Walter et al. 2017 . Here, the modest effects of seed dispersal on synchronization (Fig. 6) suggests that this mechanism is not the major agent of synchronization at the region-wide scales considered here.
Environmental variability is intentionally not included as a deterministic driving variable in our model and so all abrupt changes and persistent community states emerge as a result of intrinsic, community-level processes, without any sustained or persistent environmental forcing. Environmental variability is instead treated here as a stochastic, white-noise process, with both site-level and regional variation, the strength of the latter being determined by the autocorrelation term (q, Eq. 2). By treating environmental variability as a white-noise process, we show how persistent environmental forcing (e.g., multi-centennial droughts or persistent periods of aridity) is not necessary to generate persistent declines of T. canadensis. Abrupt and synchronized changes in ecological communities, past or present, can be caused by the interaction between intrinsic ecosystem processes that generate frequencydependent dynamics and additional processes that generate temporal clustering of abrupt changes such as spatially autocorrelated environmental variation and dispersal.
In our model, abrupt changes are caused by frequency-dependent survival: when abundances are low, the population is kept low by lower per capita survival. However, if stochastic events push relative abundance over a threshold, the population can abruptly increase to a new level. Thus, populations exhibit alternative states due to the feedback caused by frequency-dependent survival. If survival is low at low abundances, however, what prevents populations from going extinct? The answer is stochasticity itself. In the lottery model, stochasticity facilitates the coexistence of species by increasing the average population growth rate of rare species relative to common species. This occurs because, when abundant species experience a favorable year of high recruitment, they also experience high competition with conspecifics for vacant sites for seedling establishment. This increased intraspecific competition lowers the abundance of common species, leading to decreased effects of interspecific competition on rare species Warner 1981, Chesson 2000) . Thus, even though rare species experience low survival probabilities in our model, they do not go extinct because stochasticity reduces the competition they experience from other species. Hence, stochasticity destabilizes communities in the sense of increasing the likelihood of large abrupt changes, but also stabilizes them by promoting species coexistence and limiting extinctions.
This combination of community stability and instability is closely consistent with the paleoecological record of Holocene tree dynamics in mesic eastern North American forests, and particularly for the subset of tree taxa that are mesic, shade-tolerant, late-successional species that might be expected to be most strongly governed by frequencydependent self-reinforcing feedbacks. The composition of eastern North American forests has been largely stable between~8,200 yr ago (collapse of the Laurentide Ice Sheet) and~400 yr ago, with the onset of Euro-American land clearing (McAndrews 1988) , with no recorded extirpations during this time interval and additions of tree taxa to landscape-scale species assemblages largely governed by post-glacial expansion of plant ranges (Woods and Davis 1989, Jackson and Booth 2002) . However, superimposed upon this stability of forest composition is a strong second-order pattern of compositional instability and abrupt change (Booth et al. 2012a , Wang et al. 2016 . The tree taxa with the best evidence for abrupt decline in the Holocene are mesic, late-successional, shade-tolerant trees: T. canadensis, F. grandifolia, and Ulmus in eastern North America (Booth et al. 2012a , Wang et al. 2016 and Ulmus and Corylus avelana in Europe (Shuman 2012) . These trees establish microclimates FIG. 4 . Spatial and temporal distribution of (a, b) abrupt decreases and (c, d) increases (bottom) for Tsuga in northeastern United States and southern Canada (left) from 11,700 to 1,000 yr BP and an example of simulated data (right). Overlapping dots are slightly displaced for clarity. The hemlock data are based on fossil pollen data drawn from the Neotoma Paleoecology Database (see footnote 1 ; Appendix S2: Table S1 ). The simulated data are based on 32 equally spaced "sites" (grid cells); each cell is about 50 9 50 km. Parameters: s = 0.3, r = r l = 0.7, f = 0, q = 0.5. yr BP, years before present.
and moist soil litter that reduce the likelihood of fire and promote survival of juveniles (Burns and Honkala 1990a, b) . Hence, it is ecologically plausible that these taxa are particularly subject to self-reinforcing feedbacks associated with frequency dependence in fecundity and survival. The resulting self-reinforcing feedback may accentuate past observed abrupt changes.
The apparent quasi-synchrony of the T. canadensis decline is often used as an argument for a large-scale change in the environment such as multi-centennial droughts or changes in surface air temperatures (Shuman 2012 , Marsicek et al. 2013 or pest/pathogen outbreak (Davis 1981) . These hypothesized extrinsic mechanisms remain viable and plausible. Nonetheless, spatial synchrony in population fluctuations are pervasive in nature and can arise from several mechanisms in addition to broad-scale and persistent environmental changes, such as dispersal and spatial autocorrelation of short-term environmental shocks (Walter et al. 2017) . Using three different types of models, van Nes and Scheffer (2005) showed that increased dispersal can synchronize population collapse in a domino effect. This type of modeled behavior has led to the use of synchrony as an early warning of abrupt ecosystem changes (Dakos et al. 2010) . Similarly, environmental stochasticity tends to synchronize population dynamics, known as the Moran effect, and is a dominant synchronizing mechanism (Hanski 1998) . For instance, in a study of British moths and aphids across 21 localities up to 800 km apart, the Moran effect explains the spatial synchrony of each population better than dispersal (Hanski and Woiwod 1993) . These synchronous dynamics can also increase the likelihood of regional population collapses (Chesson 1998) .
Seed-dispersal effects appear to be less important for synchronizing abrupt changes at the regional scales considered here. In our model, collapses only become substantially synchronized when at least 40% of seeds disperse to adjacent cells during the 10-yr time step in the model (Fig. 6) . Hence, dispersal of T. canadensis seeds is probably too limited to synchronize abrupt changes in reality, since estimates of typical T. canadensis seed dispersal are 40-400 m for individual dispersal events (Clark et al. 1999, He and Mladenoff 1999) . On the other hand, the distances required for travel in the 10-yr period (50 km) is small compared to the 1,500 km over which this dispersal can synchronize abrupt changes. This suggests that dispersal could be a potent agent of synchronization at more localized scales. For example, F. grandifolia experienced multiple abrupt changes during the late Holocene (Wang et al. 2016 ), but these events appear to either be localized or to occur at sub-regional scales (e.g., upper Great Lakes; Booth et al. 2012a ). Synchronization by seed dispersal could be more important for these more localized events.
One intriguing mismatch between observations and simulations is the differences in levels of clustering between abrupt increases and declines (Figs. 3-5) . Whereas abrupt increases and decreases are generally symmetric in the simulations (Fig. 6) , these events are asymmetric in the empirical data for T. canadensis, with abrupt decreases more synchronized than abrupt increases. In our model, abrupt increases are generated by the same processes as abrupt decrease, because synchronized abrupt decreases in one species are coupled with abrupt increases in one or both of the other species. This discrepancysymmetry in the model, asymmetry in the data -suggests that the synchrony of abrupt decreases in T. canadensis is caused by some process that does not affect abrupt increases, or vice versa. This could be a signal of pathogen outbreaks (Davis 1981) being synchronized by environmental variability or could indicate that persistent environmental change might be a key factor in T. canadensis declines, for example, if multi-decadal-to centennial-scale droughts are required to trigger widespread increases in adult mortality. This asymmetry in clustering between abrupt declines and abrupt increases is an important signal in the data, and hence serves as a useful target for future model development and benchmarking.
In presenting our model, we have mainly focused on comparisons between the model and data from T. canadensis; however, our analyses of nine other tree taxa showed that abrupt changes were pervasive during the Holocene (Figs. 2, 3 ; Appendix S1). Among the 10 taxa, T. canadensis shows the strongest evidence for synchrony, but synchrony is apparent for several additional taxa (Fagus increases and Ulmus and Picea decline). However, other taxa show no evidence of synchrony, suggesting that abrupt changes for these taxa may be fully governed by intrinsic processes. An important challenge here is the uncertainty in the age models. While our results are based on the best estimate of synchrony given the current data, additional and more precise dates for individual sites would reduce uncertainty and better pinpoint the timing of abrupt changes, and ultimately enhance our understanding of the degree of synchrony. The ability to synchronize Holocene signals using cryptotephras is also promising (Pyne-O'Donnell et al. 2012 , Spano et al. 2017 . The ability to detect abrupt change may also be influenced by pollen representation, with a greater likelihood of missing abrupt ecological changes in underrepresented taxa. Overall, abrupt changes were common across the taxa considered here, but spatial and temporal heterogeneities among taxa suggest that explaining abrupt changes should not be limited to the traditional search for climatic or other broad-scale extrinsic drivers (Jeffers et al. 2015) .
We used a process-based model to explore the role of intrinsic processes (specifically, frequency-dependent survival) in patterns of abrupt changes through time and space, focusing on the case of symmetrical interactions among species to highlight the role of intrinsic processes. An alternative modeling approach would be to include a larger number of species governed by different demographic parameters or other traits distributed in a spatially and temporally heterogeneous environment (Blaauw et al. 2010 ). Such a model could potentially be statistically fit to multiple time-series such as the time series data we have presented (Jeffers et al. 2011a (Jeffers et al. , b, 2015 . A key challenge to such approaches is the scarcity of colocated paleohydrological proxy data for the Holocene (Marlon et al. 2017) , although this is improving, particularly for the last two millennia (Rodysill et al. 2018 , Shuman et al. 2018 ). An additional challenge is the simultaneous statistical fitting of multiple taxa from multiple sites, accounting for potential differences among taxa and, for the same taxon, differences in dynamics among sites. This approach will likely contribute valuable insights into the temporal and spatial patterns of abrupt changes among taxa throughout the Holocene, and it will also likely further highlight the possible role of intrinsic processes in driving these abrupt changes.
CONCLUSION
Understanding the causes of abrupt ecological changes is important, because many ecological systems are expected to change abruptly, with negative consequences for human society, when they are subjected to increasing rates and magnitudes of global change (Barnosky et al. 2012 , Steffen et al. 2015 , Ratajczak et al. 2018 ). Paleoecology provides an opportunity to understand dynamics of past ecological systems, to identify past causes of abrupt change, and to use this information to assess and predict the vulnerability of contemporary ecosystems to abrupt change (Shuman 2012 , Seddon et al. 2015 Williams and Burke, 2019) . Our work has illustrated different processes that may generate abrupt and quasi-synchronous changes in past forests. Abrupt changes in forest composition, both increases and decreases, can be caused or accentuated by intrinsic processes such as frequencydependent survival. These processes generate abrupt changes and suggest that past abrupt change and community state shifts at local to regional scales could have been triggered solely by single, short-term environmental shocks (e.g., a single unfavorable year or decade). Intrinsic processes that generate self-reinforcing feedbacks are likely to be pervasive in natural communities, and more work is needed to incorporate these processes into the modeling and analysis of past abrupt changes documented in paleorecords.
